AlMgSi alloys, which are used mainly as wrought materials, can also be used as casting materials because of the development of casting technologies. To improve the mechanical properties of alloys, the casting materials are often subjected to different heat treatments. Therefore, the influence of heat treatment on the mechanical properties of aluminum alloys needs to be understood before wrought alloys can be used in automotive casting components. This study examined the effects of solution treatment on the microstructure and mechanical properties of casting AlMgSi alloy for automotive chassis. After a solution treatment for 5 and 8 h at 535 to 565°C, the microstructures were examined depending on the heat treatment temperature and time by optical microscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray diffraction. As a result, Al matrix, ¢-Al 5 FeSi and Mg 2 Si phases were observed in solution-treated AlMgSi alloys. In addition, the solution treatment temperature and time had a significant effect on the hardness and tensile properties of the alloy. The hardness and tensile strength increased with increasing solution treatment temperature to 555°C due to the solid solution hardening with the dissolution of residual phases. In contrast, when the solution temperature increased further to 565°C and the solution treatment time was increased, the hardness and the tensile strength decreased due to softening by grain growth rather than the effects of the solid solution hardening. In addition, the uniformity of the mechanical properties by each location of the specimen increased with increasing solution treatment duration due to the increase in time needed to produce a sufficient solid solution.
Introduction
In recent years, the weight of vehicles has been increasing due to the increasing number of parts for improving the crashworthiness and convenience performance of the vehicle. On the other hand, the increased weight of the vehicle means that the exhaust gas and fuel efficiency regulations cannot be satisfied. Hence, there is increasing demand for the weight reduction of cars. Therefore, replacing existing materials with lighter materials, such as aluminum and magnesium alloys, is the most efficient method for reducing the weight of vehicles. 14) Aluminum alloys have been used steadily in the automotive industry owing to their excellent specific strength and relatively low cost 2, 57) but existing aluminum alloys have lower strength than currently used automotive steel, highlighting the need for further research to improve the mechanical properties of cast alloys. To improve the strength of aluminum alloys, the grain refinement, 810) precipitation strengthening heat treatment, 6, 7, 11) and research on the adjustment of alloying element 12, 13) are currently under study. In addition, a study on the improvement of aluminum casting alloys with relatively lower strength than wrought alloys owing to internal casting defects and large grain size has attracted considerable interest. Although studies have been conducted to manufacture castings using wrought alloys with excellent mechanical properties, wrought alloys have higher melting temperatures than casting alloys during casting and lower fluidity of the molten metal, as well as a larger number of casting defects, which reduce the mechanical properties. 1417) To improve the castability of the wrought aluminum alloys, research on casting technology to reduce casting defects, such as the squeeze casting, and modifications of alloying elements, such as Si, Mg, and Cu, are being carried out.
1517) On the other hand, there have been fewer systematic studies of various strengthening methods by heat treatment after casting the parts applied the wrought alloys. This study examined the effects of heat treatment on the mechanical properties of a rear carrier fabricated by the improvement of AlMgSi wrought alloys used for automobile chassis. The optimal heat treatments were then investigated. The behavior of the microstructure, hardness, and tensile properties depending on the solution treatment temperature and time conditions were analyzed and the influence of heat treatment factors was evaluated quantitatively. Table 1 lists the chemical composition of the aluminum alloy, which was based on Al6061, as used in wrought material; Zr was added for grain refinement and the Si content was increased to improve castability. In addition, the Zn contents which can accelerate the nucleation of precipitates were increased to improve the strength through precipitation hardening. 18, 19) To compare the effects of heat treatment depending on the position of the automotive component, the rear carriers, as shown in Fig. 1 , were cast using the vacuum-assisted low pressure die-cast method. The specimens were divided into #1, #2, #3 and #4, and each specimen was cut in half and heat treated to evaluate the microstructure, hardness, and tensile properties. Figure 2 shows the heat treatment process of the alloys. After the internal temperature of the electric furnace as same mass production conditions was stabilized at the set temperature, the specimens were heat treated to maintain the heat treatment time, including the temperature rise time. The solution treatment was conducted over the temperature range, 535³565°C, at 10°C intervals, and the solution treated time was maintained for 5 and 8 h respectively. The specimens were then cooled for 10 minutes in the water bath at 40°C. The hardness was measured at least 10 times depending on the specimen size using a Rockwell hardness tester (model CV-600MA) at room temperature under a load for 5 seconds with a B scale (HRB). After the average of hardness was calculated excluding the maximum and minimum values, they were converted to the Brinell hardness (HB, 10/500/15) value using the conversion formula of ASTM E140. 20) The tensile tests were carried out at a strain rate of 1 mm/min at room temperature using a universal testing machine (model Instron 8861). Under the same heat treatment conditions, tensile tests were conducted twice in the #1 position, and were conducted once in #2 to #4. Tensile specimens were fabricated into cylindrical sub-size rods with a gauge length of 16 mm and a diameter of 4 mm according to ASTM E8M, 21) as shown in Fig. 3 . The volume fraction of residual phases at the #4 sites and the grain size at the #3 sites were measured by optical microscopy (OM, model Nikon ECLIPSE MA100) and an image analysis program (model IMT iSolution DT). To observe grain size with the heat treatment conditions, the specimens were etched for 2 minutes in a solution prepared from 95 ml of water, 10 ml of sulfuric acid and 5 ml of hydrofluoric acid. The residual phases and precipitates of the alloy were analyzed by scanning electron microscopy (SEM, model SU8010) and energy dispersive X-ray spectroscopy (EDS, model X-max 50) and X-ray diffraction (XRD, model D/MAX-2500). Figure 4 shows the microstructure of the AlMgSi alloy depending on the solution treatment temperature and time. As shown in Figs. 4(a)³(g), which are the samples after a 5 h solution treatment and Figs. 4(b)³(h), which are after 8 h, the amount of the residual phase decreased with increasing solution treatment temperature for the same solution treatment time. In addition, the residual phase decreased with increasing solution treatment time at the same solution treatment temperature, which is consistent with the behavior due to the increase in temperature. For quantitative analysis, 10 or more images were taken at ©200 magnification from the center of the #4 site by OM. The area fraction of the residual phases for each solution treatment conditions was then measured under the same threshold conditions using the area fraction measurement tool of the image analyzer. On the other hand, if the image is a random specimen for a constant structure, the area fraction of the structure is equal to the Table 1 Chemical compositions of the AlMgSi alloy (mass%). Unit: mm volume fraction. 22) Figure 5 shows the average volume fraction of the residual phases according to the solution treatment conditions. Similar to that shown in Fig. 4 , the volume fraction of the residual phases of the AlMgSi alloy decreased with increasing solution temperature and time, which was attributed to the increase in solubility of the solute atoms constituting the residual phase. The additional analysis for the residual phases was carried out and the results are as follows:
Experimental

Results and Discussion
Microstructure
The specimens that were solution treated at 535°C for 5 h were analyzed by SEM and EDS to confirm the composition of the residual phases observed in Fig. 4 , as shown in Fig. 6 . residual phases were analyzed through the elements corresponding to each peak and their ratios. As a result, A and B are regarded as ¢-Al 5 FeSi and Mg 2 Si respectively, and the composition of the matrix C is similar to the composition of the aluminum alloy. The ¢-phase reduces tensile strength and elongation; 23) hence, a decrease in the residual ¢ phase through a solution treatment is required. Optimization of the solution treatment temperature and time is required for sufficient redissolution of the residual phases because the volume fraction of the residual phases decreases with increasing solution treatment temperature and time. The A356 alloy, which is used widely as cast aluminum alloy, is composed of a pro-eutectic phase of ¡-Al and a eutectic phases of AlSi, ¢-Al 5 FeSi, Mg 2 Si, and ³-Al 8 FeMg 3 Si 6 .
13,23) Figure 7 shows the distribution of each element in the AlMgSi alloy solution treated at 535°C for 5 h using EDSmapping. The location, which has low density of Al, and location of residual phase coincided. In the ¢ phase, the ratio of Si and Fe is high and the density of Si and Mg is high in Mg 2 Si. In the matrix, the proportion of Al is high and the alloy elements are distributed uniformly. These are consistent with the results of the composition analysis of particles A, B and C as shown in Fig. 6 .
XRD was carried out to quantitatively analyze the types of residual phases and volume fraction changes with heat treatment conditions analyzed previously by OM and EDS and the results are shown in Fig. 8 . The AlMgSi alloy consisted of Mg 2 Si, ¢-Al 5 FeSi, and some MgZn 2 phase and matrix, and the amount of each phase changed according to the heat treatment conditions. When the specimens were solution treated, the amount of Mg 2 Si, ¢-Al 5 FeSi, and MgZn 2 phase tended to decrease compared to the as-received specimens after casting. In particular, in the as-received specimens, a peak for Mg 2 Si was observed at 40°2ª, but the peak decreased after solution treatment Solute atoms dissolved into the Al matrix after the solution treatment and the lattice constant changed due to lattice deformation. In addition, the solubility of solute atoms could be compared by calculating the lattice constant and generally, a larger lattice constant caused by the greater the distortion of the lattice causes an increase in strength. 26) In this study, the lattice constants with the heat treatment conditions were analyzed using previous XRD analysis and the results are shown in Fig. 9 . The lattice constant increased with increasing solution treatment temperature after a 5 h solution time, which was caused by the increase in solid solution due to decomposition of the residual phases. 26) On the other hand, at the solution treatment temperature of 565°C, the lattice constant decreased because it was unable to maintain the solid properties close to the melting temperature of the alloy. In addition, as the solution treatment time increased from 5 to 8 h, the lattice constant decreased over the temperature range of 545³565°C. The lattice constant decreased with increasing new precipitation phase, such as Al 95 Fe 4 Cr, in addition to the solubility of residual phases, as shown in the previous XRD results. The lattice constant increased with increasing solution treatment time at 535°C, which means that 535°C is insufficient for the solubility of the residual phase, and a heat treatment time of 5 h is not enough to complete the solute solubility, resulting in an increase in the lattice constant. Based on the experimental results of Fig. 9 , it is expected that the maximum strength would be exhibited in the solution treated at 555°C for 5 h. To determine the optimal heat treatment condition, the hardness and tensile properties of each solution treatment condition were evaluated and the results are as follows:
Hardness
To observe the changes in hardness depending on the solution treatment conditions and the position of the specimen, the HRB values as the B scale were measured using a Rockwell hardness tester and converted to HB, which is the Brinell hardness value, as shown in Fig. 10 . Figure 10(a) shows that the hardness increased up to 555°C and decreases at 565°C for a 5 h solution treatment time. In addition, the tendency of the 8 h solution treatment time showed similar behavior to that of 5 h, as shown in Fig. 10(b) . Compared to Figs. 10(a) and (b) , as the solution treat time was increased from 5 to 8 h, the difference in hardness with each location of the specimen decreased due to the uniform solubilization of solute atoms with a sufficient heat treatment time. Figure 10(c) shows the mean hardness depending on the solution treatment conditions by each location of the specimens. Under the same solution treatment time conditions, the hardness increased with increasing solution treatment temperature up to 555°C, but decreased at 565°C. In addition, the hardness decreased with increasing 
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heat treatment time at the same heat treatment temperature. Microstructure analysis of the residual phases (Fig. 4) and the result of the lattice constant (Fig. 9) showed that the hardness increases with increasing temperature due to the solid solution hardening effect of the solubility increment for the matrix of solute atoms constituting the residual phase. On the other hand, above 565°C, the hardness decreased because grain growth is more dominant over the increase in solubility caused by the increased temperature. To observe this, the grain size was analyzed according to the solution treatment conditions, as shown in Fig. 11 . Figure 11 shows the microstructures observed by OM after etching to determine the change in grains depending on the solution treatment conditions. Figure 12 presents the results of quantitative measurements of the grain size by line intercept method analysis of the image analyzer. Compared to the specimens that had been solution treated at 535 to 565°C and time for 5 h, respectively, as the solution treatment temperature increased, the grain sizes increased gradually and coarse grains were locally observed. On the other hand, abrupt grain growth occurred at 565°C for 8 h, as shown in Fig. 11(h) . When the solution treatment temperature is increased for the same solution treatment time, the grain growth rate was not large enough up to 555°C but increased abruptly at 565°C, as shown in Fig. 12 . In addition, grain growth accelerated with increasing solution treatment time at a given temperature. Therefore, the increase in solution treatment temperature and time has a role in the decrease in the residual phases and grain growth. The solid solution effect due to solute atoms is more dominant than the softening effect by grain growth up to 555°C for AlMgSi alloys, which causes an increase in hardness with increasing solution treatment temperature. On the other hand, the hardness decreased at 565°C, and with increasing solution treatment time from 5 to 8 h because the softening effect by the abrupt grain growth is dominant over solid solution strengthening. Figure 13 shows the results of solidification analysis of the AlMgSi alloy with the composition in Table 1 . The final solidification temperature (Ts) under equilibrium conditions was approximately 573°C. Therefore, the solution treatment temperature of 565°C is close to the liquidus temperature, which results in abrupt grain growth. On the other hand, there are studies that the hardness tends to increase with increasing solution treatment time within a short time of 60 min. 26) The time is not sufficiently long to change the residual phases and the grain size was small due to the short period. Therefore, the increase in solubility with time has a strong influence on the increase in hardness. From these results, to satisfy the mechanical properties required for the AlMgSi alloy, the changes in the residual phase and grains depending on the solution-treated conditions need to be considered simultaneously.
Tensile properties
Tensile tests were carried out to measure the mechanical properties of the AlMgSi alloy with the solution treatment conditions and the specimen locations of the automotive component, as shown in Fig. 14. Figures 14(a) and (b) show the yield and tensile strength, respectively; the yield and tensile strength increased at 555°C under the same time conditions, whereas the yield and tensile strength decreased when the solution treatment temperature was increased further to 565°C. In addition, the elongation for the solution treated for 5 h increased to 555°C and then decreased, as shown in Figs. 14(c) and (d) , which is the same tendency compared to the variation of yield and tensile strengths with the solid solution conditions. In contrast, when the solution treatment time was increased to 8 h, the elongation decreased from 555°C. Figure 14(e) shows the average tensile properties with each location of the specimen depending on the solution treatment conditions. As the solution treatment temperature was increased, the yield and tensile strength as well as elongation increased up to 555°C, then decreased at 565°C. These are consistent with the results of the lattice constant in Fig. 9 and the hardness properties in Fig. 10 . In addition, the deviations of the tensile properties with each location of the specimen decreased with increasing solution treatment time at the same temperature, as shown in Figs. 14(a)³(d), which is consistent with the hardness results in Fig. 10 . These results were attributed to the uniform redissolution of precipitates and the solute atoms are diffused evenly into the matrix, as solution treatment time was increased. At the solution treatment temperature above 545°C, the yield and tensile strength decreased with increasing time. On the other hand, at a solution treated temperature below 535°C, the strength increased slightly, even though the solution treatment time increased. This suggests that the effect of solid solution hardening are larger than those of softening by grain growth at relatively low solution temperatures, even though the solution treatment time is increased from 5 to 8 h. This is coincident with the research showing that the strength increases with time when the total solution treated time is less than 1 h, 26) and it is thought that solid solution hardening is larger than softening by grain growth even at a short solution treatment time. Therefore, the optimal temperature of solution treatment for the AlMgSi alloys used in this study is 555°C with the greatest hardness and strength due to solid solution hardening. Moreover, the optimal time was 8 h with a decrease in the deviation of mechanical properties depending on the location of the specimens by the uniform heat treatment effects despite the decrease in strength. Continuous research will be needed to determine the optimal heat treatment conditions by considering the mechanical properties of the alloys depending on the aging temperature and time under the same solution treatment.
From the above results, in the case of establishing the optimal heat treatment conditions for wrought aluminum parts manufactured by casting, it was confirmed that hardness and tensile properties could be improved. grain size increased gradually. In particular, the result of abrupt grain growth was observed at 565°C. (3) The hardness and tensile strength increased with increasing solution treatment temperature up to 555°C due to solid solution strengthening of the residual phase redissolution. On the other hand, when the solution was treated at 565°C, the hardness and strength decreased because the softening effect by abrupt grain growth is more dominant than solid solution strengthening. (4) As the solution treatment time increased at the same temperature, the solute atoms dissolve uniformly and the variation of mechanical properties by each location of the specimen tended to decrease owing to the uniform dissolution of solute atoms. In addition, the hardness, yield, and tensile strength decreased due to the softening effect by grain growth. 
Conclusions
